derivative, to arahom ocytidine, an analogue o f the chem otherapeutically active araC.
The structures o f all the foregoing were established by various criteria, including *H and 13C NM R spectroscopy, both o f which were also applied to analyses o f the solution conformations of the various com pounds, particularly as regards the conformations of the exocyclic chains.
The behaviour o f the hom o analogues was exam ined in several enzymatic systems. H om o cytidine was a feeble substrate, without inhibitory properties, o f E. coli cytidine deam inase. H om ocytidine was an excellent substrate for wheat shoot nucleoside phosphotransferase; while homouridine was a good substrate for E. coli uridine phosphorylase. Although hom oCM P was neither a substrate, nor an inhibitor, o f snake venom 5'-nucleotidase, hom oC D P was a potent inhibitor o f this enzym e (K j~6 ^im). H om oC D P was not a substrate for M. luteus polynucleotide phosphorylase. N one o f the com pounds exhibited significant activity vs herpes simplex virus type
1, or cytotoxic activity in several mammalian cell lines.
A num ber of 5'-m odified, chain-extended nucle oside analogues have been synthesized and examined as potential antim etabolites [1] . These include "homonucleosides" , in which the 5'-C H 2O H chain is extended by one carbon atom. M ore recently some attention has been directed to 3'-branched nucle osides, such as the 3'-hydroxymethyl congeners of 6-thio-2'-deoxy-guanosine [2] and uridine [3] .
Homonucleosides were initially prepared by classi cal condensation of a heterocyclic base with previ ously synthesized homoribose. This approach, which led to the homonucleosides of adenine [4] as well as 2-chloropurine and 6 -m ercaptopurine [5] , has not been further pursued, presumably because of the large num ber of steps involved and accompanying low yields.
An alternative route is extension of the 5'-exocyclic chain of nucleosides, based on conversion of the 5'-C H 2O H to reactive species such as the 5'-deoxy-5'-iodo or 5'-0-tosyl, which are then dis- placed with cyanide to give the required one-carbon extension of the chain. Reduction of the cyano group, followed by deam ination, should give the de sired homonucleoside. A preliminary report has ap peared on such a preparation of homothymidine [6 ] but without experimental details, and a *H NMR spectrum of the product open to question (see be low). Alternatively, homoadenosine was prepared by conversion of the cyano group of 5'-cyanoadenosine to the methyl carboxylate, followed by re duction of the latter [7] presumably to avoid the deamination step (see below).
We now describe the preparation, by modifica tions of the foregoing procedures, of some pyri midine homoribonucleosides and related analogues, their conformational properties in solution, and some biological properties, including behaviour in several enzyme systems.
Chemistry
A ttem pts to obtain 5'-cyanouridine by reaction of 5'-deoxy-5'-chloro-2',3'-0-isopropylideneuridine with NaCN or KCN in the presence or absence of 18-crown-6 in a variety of solvents (DM SO, DM F, C H 3 C N , E tO H , aqueous E tO H ), at elevated tem peratures, were unsuccessful, and led to complex mixtures of products which included uracil and O 2 : 5'-cyclouridine.
Since NaCN and KCN are only moderately soluble in aprotic solvents, even in the presence of 18-crown- 6 , attention was directed to the use of tetraethylamm onium cyanide [8 ] , which is very soluble in such solvents. In addition, the 5'-deoxy-5'-chloro deriva tives were replaced by the more reactive 5'-deoxy-5'-iodo and 5'-0-tosyl derivatives of 2 ',3'-0-isopropylideneuridine, as well as 5'-0-tosyl-2',3'-0-isopropylidenecytidine. R eaction of these with tetraethylammonium cyanide at room tem perature led to the O 2 : 5'-cyclonucleosides as the m ajor products.
M eyer and Follman [9] reportedly obtained 0 2 :5'-cyclouridine in 65% yield by reaction of 5'-0-tosyl-2',3'-0-isopropylideneuridine with KCN in the pres ence of 18-crown-6, which was isolated and then reacted once again in the same m anner to yield the 5'-cyano derivative in 32% yield. By contrast, the analogous reaction with a purine nucleoside ana logue, 5'-0-tosyl-2',3'-0-isopropylideneadenosine, led directly to the 5'-cyano derivative in 73% yield, whereas Hollm ann and Schlimme [7] report a yield of 36%. U nder similar conditions, reaction of 5 '-0 -tosylthymidine resulted in a 76% yield of the 5'-cyano congener [9] . Subsequent trials were therefore conducted with the 5'-0-tosyl derivatives of cytidine and uridine (with unprotected 2' and 3' sugar hydroxyls). T reat ment of these with tetraethylam m onium cyanide in DMF at room tem perature for 2 -5 h gave the de sired 5'-cyanocytidine and 5'-cyanouridine in yields of about 40% , with no detectable formation of the O 2 : 5'-cyclonucleosides. On the other hand, form a tion of the 5'-cyanonucleosides was accompanied by the appearance of the free heterocyclic base. It was therefore necessary to follow the course of the reac tion by TLC, and to term inate it at the point where decomposition of the 5'-cyano analogues began to dominate. Liberation of the heterocyclic base from 5'-cyanonucleosides has been observed by others [6 , 9] , and Meyer and Follmann [9] examined in detail the alkali-induced cleavage of the glycosidic bond of 5'-cyanonucleosides.
The 5'-deoxy-5'-cyano derivatives of cytidine (5) and uridine (17) were subjected to reduction over Pd/ B a S 0 4 [10] to give the corresponding amino deriva tives 6 and 18, respectively.
Appropriately controlled treatm ent of 6 with H N 0 2 perm itted reasonably selective deamination of the 6 '-N H 2 group to yield the desired homocytidine (7), accompanied by form ation of only a low propor tion (5% ) of hom ouridine (8 ) foregoing would probably be equally applicable to conversion of 5'-deoxy-5'-cyanoadenosine to homoadenosine [1 1 ], in place of the reported conver sion of the 5'-cyano group to the carboxylic methyl ester and subsequent reduction of the latter, in relatively low yield [7] , Conversion of homocytidine to the corresponding arabinosyl analogue 1 0 proceded smoothly via the 2 ,2 '-anhydro derivative, as for the known conversion of cytidine to araC [12] .
In turn, phosphorylation of homocytidine with the aid of the wheat shoot phosphotransferase system [13] led to form ation of the 6 '-phosphate, which was isolated in crystalline form in very good yield. This was further converted on a small scale to hom oCDP (12) according to standard procedures [14] .
Isolation from reaction mixtures of the cytosine nucleoside analogues was based largely on column chrom atography with the cation exchange resin Dowex (H +), which proved very convenient for iso lation of 5, 6 , 7, and 9 . A simple and very efficient procedure for purification of 2',3 '-0 -iso p ropylidenecytidine, originally suggested by D r. L. Dudycz (unpublished), was based on chrom atogra phy on Dowex (O H -), which strongly retains ptoluenesulfonic acid and unreacted cytidine (1 ) .
All the newly synthesized derivatives exhibited U V absorption spectra in agreem ent with expecta tions, and elementary analyses were obtained for the key derivatives 5, 7, and 8 . Final criteria for the pro posed structures were, however, based largely on 'H NM R spectroscopy, as well as 13C NM R and IR spec troscopy in the case of 17. Table I . also displaced upfield by about 0.9 ppm relative to uridine, and the C (5') and C (4') carbons upfield by 40 and 14 ppm , respectively. The sum of the coupling constants 7 (4 ',5 ')+ 7 (4 ',5 ") is increased by 4.8 Hz, and that of 7(5',5") by 4.3 Hz (see Table II ). This is largely due to replacem ent of the polar oxygen at C (5') by carbon. Identical modifications in the *H NM R spectrum confirm the presence of the 5'-cyano group in 5'-deoxy-5'-cyanocytidine. The structures of the final homo nucleosides are unequivocally established by the presence of two ad ditional m ethylene protons coupled with each other, as well as with the protons on adjacent carbons, de noted as C (4') and C (6 '), as shown in Tables I and II. A similar additional methylene signal at about 1.80 ppm is observed in the 'H NM R spectrum of hom oadenosine in D M SO-d6 [7] , and at about 2.5 ppm for acetylated 2,6-dichloropurine hom oribofuranoside in CH Cl3-d [5] .
Compd Solvent
The foregoing calls for some comment regarding the N M R evidence for the structure of homothy midine, reported by Etzold et al. [6 ] . The chemical shift of one of the C (2') protons is given as 4.66 ppm, whereas it should be about 2.0-2.5 ppm for each of the two protons at this carbon. Two different values are listed for the chemical shift of H (3'). The signal for 5'-C H 2 (1.91 ppm) is in the region of absorption of the 5-CHj group (1.90 ppm ), and also close to the system H (2'), H(2"). H ence, in the absence of the actual spectrum, the data presented do not fully con firm the structure of the compound as hom o-2 '-deoxythymidine.
Results and Discussion

Conform ational analysis
Sugar rings. Application of the two-state model of A ltona and Sundaralingam [15] to analyses of the pentofuranose rings of the various analogues dem on strated that substitution of a cyano or homo group at the 5'-position only minimally affected the sugar con formation. Slightly larger modifications of the con formation of the sugar ring have been reported for homoadenosine [7] , but with the equilibrium shifted towards the S conform er, typical of purine nucle osides in general.
Conformations about the C(4' ) -C (5') bond.
These were evaluated on the assumption of a dynam- Table III [17] was employed. The results dem onstrated a striking decrease in the gauche-gauche populations of the 5'-cyano analogues (from about 60% to about 2 0 % ), homonucleosides (from about 60% to about 1 0 % ) and hom onucleo tides (from about 80% to about 2 0 % ), relative to the parent nucleosides and nucleotides, where this con form ation is preferred (see Table II ). For both the foregoing classes of analogues there is a very marked preference for the gauche-trans conformation, as suming that assignments of H (5') and H(5") are the same as in uridine and cytidine. If the reverse assign ments were to hold, the predom inant conformer would be trans-gauche, at the cost of the gauchegauche population, most likely because of interaction of the chain-extended 5'-substituents with the base. Conform ation about the C(5') -C (6') bond. This was determ ined as above, assuming the existence of 
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three classical conformers gauche+, trans, and gauche~ (see Scheme 1) . The observed four coupling constants lead to two independent sets of popula tions (Table II) . These differ at most by only 10%, hence reasonably accurate, bearing in mind that the error of the experimentally determ ined coupling con stants is higher than for the other cases because of the small separations betw een chemical shifts of the four protons, and the large num ber of couplings in both systems of protons. R otation about the C (5') -C(6 ') bond is relatively unhindered, with no clear preference for one conform er, due to absence of steric hindrance, hence of intram olecular interac tions which lead to a decrease in the gauche-gauche population about the C (4') -C (5') bond.
Conformation o f ph osphate group. The gauche'-gauche' population about the C (5') -O and C (6 ') -O bonds was determ ined from the coupling constants ?1P -'H , with the aid of the newly reported Karplus relationship [18] . The gauche'-gauche' population, preferred to the extent of 80% in 5'-CM P, decreases to about 60% in the hom onucleotides, and is still the preferred conformation.
Biological Results
U nder conditions where 5'-CM P was rapidly dephosphorylated by purified snake venom 5'-nucleotidase, homoCM P was fully resistant, even with a 3-fold prolongation of incubation time. It was only a feeble inhibitor of the enzyme, with /Cj~2 0 0 at pH 9. By contrast, hom oC D P was a relatively effec tive inhibitor, with -6 |xm, hence almost as potent as A D P [19] .
Homocytidine was a poor substrate for E. coli cytidine deam inase, being deam inated at about 1 % the rate for cytidine. W hen added to a solution of cytidine at 0.3 equimolar concentration, the rate of deam ination of the cytidine was not detectably af fected. Homocytidine was an excellent substrate for wheat shoot phosphotransferase, from which the 6 '-phosphate could be isolated on a preparative scale in crystalline form in 55% yield (see Experim ental Section).
U nder conditions where CDP was readily poly merized to poly(C) by M. luteus polynucleotide phosphorylase [21] , homoCDP was inactive as a sub strate, either alone, or when used with an equim olar concentration of U D P in attem pts to synthesize a copolymer.
Cytotoxicities of homocytidine, hom ouridine, homoCM P and homoaraC were tested against the following cell lines: HL-60, K-562, U-937 and human L Y -PH A . None of the foregoing compounds exhib ited detectable activity at concentrations up to 500 [xg/ml. By contrast, the 5'-deoxy-5'-cyano deriva tives of cytidine and uridine exhibited feeble activity (ID 5 0 = 50-100 ng/ml), probably due to the inherent instability of these compounds in slightly alkaline medium, leading to cleavage of the glycosidic bond and form ation of a reactive sugar species [9] , most likely responsible for the low observed cytotoxicity.
A n tiviral activity. The potential activities of hom ocytidine, homouridine and hom oaraC were ex amined against herpes simplex virus type 1. In KBinfected cells, none of the foregoing significantly inhibited viral replication at concentrations up to 20
Experim ental Section
Melting points (uncorr.) were m easured on a Boetius (Leipzig, G D R) microscope hot stage. E le mental analyses were perform ed by the Institute of Organic Chemistry, Polish Academy of Sciences.
'H NM R spectra were run on a Bruker 270 AM spectrom eter; chemical shifts in H 2 0 -d 2 were m eas ured vs internal TSP (2,2,3,3-tetradeutero-3-trimethylsilyl-propionate) , and in DM SO-d6 vs inter nal TMS (tetram ethylsilane). 13C spectra were re corded on a Bruker 500 AM instrument operating at 125.77 M Hz, with chemical shifts vs internal dioxane (see Tables for further details). UV absorption spectra were recorded on a Zeiss (Leipzig, G D R ) Specord UV-VIS, and IR absorbtion spectra on a Specord 75 IR (1% in KBr pellet).
Dowex resins (200-400 mesh) were from BioRad (Richm ond, CA. USA) and Serva (H eidelberg, G FR ), and silica gel 60 for column chrom atography from Macherey & Nagle (G FR). An LKB 2070 U ltrorac II fraction collector, recording at 254 nm. was employed for column chromatography. P d /B aS 0 4 (10% Pd) was from Merck-Schuchardt (G F R ), and /?-nitrophenylphosphate, p-toluenosulfonic acid and /?-toluenesulphonylchloride from M erck. A nhydrous pyridine was prepared by distilla tion and stored over 4 Ä molecular sieves. DM F was purified by distillation with H 20 and benzene, fol lowed by distillation under reduced pressure and stored over 4 Ä molecular sieves. All other reagents and solvents were of analytical grade unless other wise specified.
Tetraethylam m onium cyanide was prepared from the corresponding bromide and potassium cyanide, essentially according to Kobler et al. [8 ] in 62% yield, with use of boron trifluoride ethyl etherate in place of the recom m ended methyl etherate. (EC 3.1.3.5) from snake venom was obtained from Sigma (St. Louis, M O ., USA). Enzyme activity vs homoCM P and CMP was fol lowed by TLC, and the inhibition constants by a con tinuous fluorimetric assay procedure, with formycin-5'-phosphate as substrate, as elsewhere described [19] .
'-nucleotidase
Uridine phosphorylase (EC 2.4.2. 3) was a highly purified, homogenous preparation from E. coli BB [20] . Enzym e activity was followed spectrophotometrically [2 0 ].
Cytidine deaminase (EC 3.5.4.5) . The source of enzyme was a partially purified extract from E. coli BB, totally free of uridine phosphorylase. D eam ina tion was followed spectrophotometrically according to standard procedures [2 2 ].
N ucleoside phosphotransferase (EC 2.7.1.77) was isolated from wheat shoots and employed for phos phorylation of nucleosides as elsewhere described To a suspen sion of 12.2 g (50 mmol) of 1 in a mixture of 100 ml acetone and 1 0 0 ml 2 ,2 -dimethoxypropane was add ed 500 ml acetone, followed by 11.4 g (60 mmol) of p-toluenesulphonic acid m onohydrate. The mixture was stirred overnight at room tem perature, 2 0 0 ml w ater added and, after 15 min, the pH was brought to neutrality with conc. N H 4 O H . The reaction mix ture was concentrated under reduced pressure to 1/4 volume and deposited on a 3 .5 x 2 5 cm column of Dowex 1 x 4 (O H~). The column was washed with 500 ml w ater, and the product then eluted with 50% M eO H (750 ml). The eluate was brought to dryness, and the resulting oil dissolved in anhydrous E tO H and brought to dryness twice from anhydrous EtO H . The resulting white am orphous solid, dried over P2 0 5, am ounted to 14.2 g (100%) and was chrom ato graphically homogenous with R t on silica gel in sol vent B 0.49 as com pared to 0.07 for 1.
',3 '-O -Isopropylidene-5'-O -tosylcytidine (3)
. This was prepared from 2 essentially as described for the corresponding adenosine analogue by Hollmann and Schlimme [7] , The product (R { on silica gel with sol vent A 0.35, as com pared to 0.15 for 2), containing traces of impurities, was used in the next step with out further purification.
'-O -T osylcytidine (4).
The product from the pre ceding step (3) was treated with 200 ml of 95% H C O O H at room tem perature. The reaction, moni tored by TLC on silica gel with solvent B, was com plete in 4 h. The mixture was brought to dryness under reduced pressure and successively brought to dryness from H 2 0 , aqueous E tO H and M eO H . The resulting oil was taken up in 25 ml M eOH and depos ited on 21 silica gel PLC plates. The plates were developed twice with solvent C, and the m ajor UVabsorbing band eluted with anhydrous M eO H . The eluate was brought to dryness to yield 6.5 g (32% relative to 2) of 4, chromatographically homogene ous (/?f = 0.12 with solvent A and 0.36 with solvent F). To a solution of 55,000 ODf|o2 units of 5 in 100 ml M eO H was added a suspension of 1.2 g freshly reduced 10% P d /B aS 04 in 100 ml M eO H . The stirred mixture was acidified with 10 ml conc. HC1 and purged with hydrogen at atm ospheric pressure, while monitoring progress of the reaction on cellulose with solvent D. A fter 24 h catalyst was removed by filtration, the filtrate supplem ented with 100 ml water, and M eOH rem oved under reduced pressure below 30 °C. W ater was added to a total volume of 2 0 0 ml and the mixture applied to a 1 x 20 cm column of Dowex 50 W x 8 (H +). The col um n was washed with 1.2 1 Im HC1 to remove un reacted 5 and several minor peaks. Subsequent elu tion with 2.5 m HC1 in 50% i-PrOH gave a single peak (420 ml, 25,000 OD?|q2 units, 45% yield) of 6 . Two evaporations from H 20 and one from E tO H , led to a pale yellow foam, chromatographically hom ogeneous (/?f= 0.40 on cellulose with solvent D). A ttem pts at crystallization were unsuccessful, and the product was used as such in the subsequent step.
l-( 5 '-Deoxy-ß-D-allofuranosyl)cytosine (7, hom ocytidine). To a solution of 25,000 ODfgo2 units of 6 , from the preceding step, in 20 ml H 20 was added 6 ml A cO H , followed by 12 ml I n N a N 0 2. A fter 1 h at 37 °C the mixture was brought to dryness under reduced pressure. The residue was taken up in 20 ml H 2 0 , the pH adjusted to 6 W ater-eluted fractions from the column in the preceding step (combined from several runs) were pooled, brought to dryness, the residue taken up in the minimal quantity of M eOH and applied to PLC silica gel plates. Development twice with 15% M eO H in CHC13 gave two m ajor bands. The less mobile one was eluted with M eO H , the eluate brought to dryness, the residue taken up in anhy drous M eO H and passed through a G 4 glass filter. The filtrate was brought to dryness and the residue crystallized from anhydrous EtO H to give pure 8 A rahom ocytidine (10). The product 9, from the preceding step, was taken up in 2 ml H 20 and slowly passed through a small column (14 ml) of Dowex 1 x 4 (H C 0 3_). Elution with w ater gave a mixture of 9 and 10, the pooled fractions of which were reduced to small volume, brought to pH -11 with N H 4 O H, and stored at room tem perature for 1 h. The mixture was brought to dryness, taken up in water and insolu ble m atter filtered off. The filtrate was brought to dryness, the residue taken up in M eO H and filtered, the filtrate brought to dryness, and the residue crys tallized from M eO H to give 37 mg of white, irregular plates, m .p. 222-224 °C (dec.). A second crop yielded 11 mg (total yield 37% with respect to 7). The product was chromatographically homogeneous on cellulose, R t 0.32 with solvent E, and 0.64 with solvent D (R { 0.60 for 7). N M R data, see Tables I  and II. H om ocytidine-6'-phosphate (11). To 6900 OD?|q2 units (0.53 mmol) of 7 in 15 ml of wheat shoot ex tract was added 2.78 g (7.5 mmol) p-nitrophenylphosphate, and the mixture stirred for 4 h at 37 °C. The mixture was brought to room tem perature, ex tracted with E t2 0 , and the aqueous phase freed of E t20 under reduced pressure. It was then applied to a 3 x 23 cm column of Dowex 1 x 4 (H C O O -). A w ater wash rem oved unreacted nucleoside. Elution with a linear gradient of 0 -1.5 m H C O O H (3 1) led to appearance of the product at about 0.5 m H C O O H . The appropriate fractions were pooled, brought to dryness 3 x from H 2 0 , the residue dis solved in hot w ater, and E tO H added to turbidity. Cooling to room tem perature afforded an oil, which crystallized overnight in the refrigerator to yield 100 mg (56%) of 11 in the form of fine needles, m.p. 212-213 °C (dec.). On cellulose, R { was 0.06 with solvent D and 0.73 with solvent F. NM R data, see Tables I and II . On treatm ent with alkaline phos phatase, the product was converted quantitatively to 7.
H om ocytidine-6'-pyrophosphate (12) . A small sample (17 mg, 0.05 mmol) of 11 was converted to the triethylammonium salt, and treated with 1 , 1 '-carbonyldiimidazole and triethylammonium phosphate under anhydrous conditions, as described by H oard and O tt [14] , The product was isolated on a 2 x 20 cm column of D EA E-Sephadex A-25 (H C 0 3_), which was first washed with H 2 0 , and then eluted with a linear gradient of 0 -0.6 m E t3N bicarbonate (11) . The third, symmetrical, peak (230 OD?|o2 units, 34% yield), eluted at 0.45 m . The fractions were pooled and evaporated several times from H 20 and aquous E tO H to remove the carbo nate salt. The product was dissolved in 1.5 ml M eO H , converted to the sodium salt with N al, pre cipitated with acetone, washed several times with acetone and dried under reduced pressure over P2 0 5 to give 7 mg of 12 as a white powder. On cellulose, with solvent H , Rf was identical with that of CDP (0.08). Deam ination of 18 with N a N 0 2 in A cO H , followed by PLC on silica gel plates with solvent B, gave 8 in 62% yield, with analytical properties identi cal to those of the product obtained by complete deamination of 6 , above.
